Considerations are presented on the wall protection of inertial confinement fusion reactors by means of a falling cylindrical curtain of liquid metal that is intermittently contricted into a string of closed envelopes by the action of a series of cusped fields generated around the falling liquid cylinder. The formation of a liquid metal envelope in free space is discussed and the motion of the liquid curtain during constriction is numerically analyzed under the assumption of infinitesimally small curtain thickness and infinitely large conductivity. The single-turn cusp-field driver coils are assumed to have a circular cross section. The calculations indicate that the energy required for the driving field is quite small compared with the thermonuclear energy produced per pulse, and that an adequate electromagnetic force is generated by the coils for a 1 m radius cylindrical curtain of liquid lithium if it is constricted into closed envelopes within an interval of 30 ms.
INTRODUCTION
In the design study of inertial confinement fusion reactors, much discussion has centered around the various possible means of protecting the reactor wall against the energy released from the exploding pellets of energetic neutrons, charged particles, pellet debris and X-rays. Kulcinskin(1) has reviewed the many earlier concepts proposed for wall protection, including Blascon, wetted wall, fluidized wall, rotating drum, dry sacrificial wall, magnetic protection and-gas protection.
Which of these concepts should provide the best solution is a difficult question to answer at this time, since all of them involve more or less serious problems that call for further experimental study. The present paper takes up the fluidized wall concept.
The principal purpose of a fluidized wall is to protect the primary structural wall of the reactor cavity from direct exposure to thermonuclear explosion. The wall formed by liquid lithium also has functions as heat transfer medium and as blanket to absorb the major part of the thermonuclear energy and also to breed tritium. The systems proposed in the past for the fluidized wall concept are : (1) liquid lithium waterfall (2) , which features a thick continuous annular fall of liquid lithium, (2) HYLIFE(3) which uses multiple liquid lithium streams, i. e. an array of cylindrical liquid jets, and (3) magnetically guided lithium flow (4) , where a thick lithium layer flows down through a static magnetic field (e. g . cusp field) along the spherical structural wall.
In these fluidized wall concepts, particular attention has been given to imparting a closed configuration to the falling liquid lithium, with the aim of completely confining within it the spherical energy release(4) and of protecting the reactor components from shock waves(2)(3). Bearing these considerations in mind, the present paper proposes a system of reactor wall protection provided by intermittently creating a string of liquid metal envelopes.
II. FORMATION OF LIQUID METAL ENVELOPE
As shown in Fig. 1 , a cylindrical curtain of falling liquid metal is introduced into the reactor cavity.
Along the length of its fall through the reactor, the curtain is girded at intervals by single-turn cusp-field driver coils of circular cross section, and which are connected to capacitor banks. Each time the electrical circuit is closed, the liquid curtain near the coils is locally constricted by the magnetic pressure of the cusp-field. In this manner, instantaneously before each shot, a liquid metal envelope is formed in free space to shield the primary wall from the energy (especially of short-range deposition, e. g. energies of charged particles, and of pellet debris) released from an exploding pellet contained therein .
III. BASIC EQUATIONS
In numerically simulating the motion of the", liquid metal curtain during its constriction, it is assumed for simplicity that the curtain is infinitely thin, infinitely long and has infinite conductivity. The displacement of the falling liquid curtain is further neglected for the interval of time taken for the constriction.
The cusp-field driver coils with circular cross section (major and minor radii a , r , respectively) are placed at z=+-b in the cylindrical coordinates (r, t, 4 as shown in Fig. 2 .
Let r(t)=(r(t), z(t)) be the position of a fluid element at time t. With the longitudinal cross section of the curtain expressed by r=f(z), the Lagrangian variable Z is defined in virtue of the mass conservation law by where R is the initial radius of the curtain and s the surface mass density, while the suffix i denotes initial value. From Eq. ( 1), (1) where n and P are respectively the unit normal vector and the magnetic pressure on the outer surface of the curtain, the initial condition is r(0, Z),(R, Z). The unit normal vector is found to be
The magnetic pressure P(Z) is expressed by P=(2m0)-1B2, where m0 is the free-space magnetic permeability, and B(Z) is the magnetic flux density at the curtain surface.
The induced current density J(Z) per unit length of the curtain is found from the boundary condition of the free-space magnetic field. Having assumed an infinitely conducting liquid metal curtain, the boundary condition is p(Z)=0 (p: magnetic flux) at its outer surface.
If the driver coils are circular loops of wire, where 1(t) is the driver coil current and a± signifies (a, ±b). The function F(r(Z), r(Z'))
gives the flux at r(Z)=(r, z) produced by a unit ring current located at r(Z')=(r', z')(5):
where K(k) and E(k) respectively are the complete elliptic integrals of the first and second kinds, and k2=4rr'/[(r+r')2+(z-z')2] (<1) . It should be noted that in Eq. ( 5 ) the current density J(Z) is an odd function on account of the cusp field that is applied.
The coil current I(t), of initial value Ii, is determined from the conservation of the magnetic flux pc trapped between the surfaces of the driver coil and the liquid curtain : 
I(t)=Iipc(0)l/p(t), ( 6 ) pc =pc/(m0I(t)R),
(pr/pZ)j+1/2=[r(Zj+3/2)-r(Zj-1/2)]2DZ -3 - and the boundary conditions adopted are (pr/pZ)1/2=-(pr/pZ)N-1/2=(0, 1), where ZN-1/2 is the cut-off mesh point at which P ?? 0
The current density J(rj) per unit length of the curtain is obtained by solving the system where rj+ 1/2=r(Zj+1/2) and rj=(rj+1/2+Fj-1/2)/2. Furthermore, the flux density B at rj+1/2 is found from where G is as defined in APPENDIX.
The magnetic lines of force near the driver ring current are approximately described by circles in the (r, z)-plane. This permits us to treat the case of driver coils possessing This system depends solely on the driver-coil parameters, i.e.a+-=(a/R,+-b/R) and r=r/R. Figure 4 shows profiles of the liquid curtain in the (r, z)-plane at various lapse of time in the course of constriction.
Upon solving Eq. ( 9 ) to find the time t=tf at which the curtain becomes closed into envelopes t of Eq. ( 8 ) Since the purpose of forming the liquid metal envelope is to protect the first wall in an inertial confinement fusion reactor, it is necessary to satisfy the requirements of :
(1) Small driving cusp-field energy compared with the thermonuclear energy per pulse.
(2) Integrity of the liquid curtain during constriction until pellet explosion.
At t=0, cusp-field energy e=2x1/2Iipc.
From Eqs. ( 7 ), ( 8 ) and (10), the required driving field energy for a given T is calculated by Figure 6 shows that the normalized field energy 0 changes from -1 to -10 in the present range of the coil parameters.
With increasing a and decreasing r, the distance between surfaces of the coil and the curtain increases, and the magnetic flux density on the curtain diminishes for a given coil current Ii. This is the reason why tf is an increasing function in reference to a.
An increase in this distance a also tends to enhance the initial inductance of the system. This makes it advisable to have the coil surface As regards liquid integrity during constriction, the outer surface of the curtain is subjected to Rayleigh-Taylor instability due to the inward acceleration.
If the instability is of the flute-type, where the deformation wave vector is perpendicular to the lines of force, the growth rate of the perturbation amplitude can be roughly estimated by (6) [m|d2r/dt2|/R]1/2 , where m is the mode number of the deformation wave in the azimuthal direction.
Hence, from linear theory, the initial perturbation amplitude is increased by a factor exp (6) , where It is found upon computation that the maximum value of F(Z) is of the order of unity in the present range of parameters. The instability would be liable to cause curtain rupture when the perturbation amplitude grows to a value comparable with the curtain thickness during the period of displacement (7). This means that the required protection can be ensured only by sufficiently increasing the initial curtain thickness. Figure 7 shows the normalized thickness (=s(Z)/si) of the liquid curtain at time t for the cases of a/R=1.2 and 1.5. When the curtain is constricted toward the center axis, its mean thickness should increase in virtue of mass conservation. From Figs. 4 and 7 , however, it is seen that for a small major radius of the driver coil, the liquid curtain is constricted so locally that the thickness actually diminishes in a certain zone on account of the rapid motion in the axial direction.
This phenomena is unfavorable for maintaining the soundness of the curtain during constriction.
Hence, to ensure curtain integrity, the major radius of the coil is not made too small, and the required driving field energy is limited. Figures 6 and 7(c) would suggest that reduction of e should be achieved rather by increasing r. (8)). For a pulse repetition rate of Hz (2), the constriction time T of the liquid curtain must be very much smaller than 1 s, because most of the time interval between each shot will be consumed in re-establishing the liquid curtain.
For T=30 ms, the required driving energy and the initial coil current are found respectively from Eqs. (11) and (12) 5 in the present range of coil parameters, and we obtain Pt|25MPa for r =0.3. This value of hoop stress will be acceptable if stainless steel (yield stress of AISI 316 ?? 500 MPa) is used for the driver coils. It should be noted that the repulsive force between the coils is small compared with the hoop force, since (pp/pb)/(pp/pa) is estimated to be -~10-2 for b~1.
VI. CONCLUSIONS
A discussion has been presented on the formation of a liquid metal envelope in free space for the purpose of protecting the wall of an inertial confinement fusion reactor, particularly against the energy released from short-range deposition. Under the assumption of infinitely thin liquid curtain and infinite conductivity, the motion of the curtain constricted by a cusp field was numerically analyzed, and the required driving energy and the initial coil current obtained for a given constriction time. It has been found that, within the range considered of the system parameters, the required driving energy is quite small compared with the thermonuclear energy generated per pulse and that the electromagnetic force acting on the driver coils is acceptable. The numerical results have also indicated that driver coils with small major radius are unfavorable from the viewpoint of curtain integrity against the Rayleigh-Taylor instability. For this reason, the reduction of the required driving energy should be realized rather by Table 1 Design parameters of present system increasing the minor radius of coil than by decreasing its major radius.
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